Objective: This investigation evaluated the cost-effectiveness of radioiodine remnant ablation following preparation with recombinant human TSH (rhTSH), compared with the standard preparation, whereby patients are rendered hypothyroid. Design: The economic evaluation relates to patients with well differentiated thyroid cancer who have undergone thyroidectomy, but have no metastases. The evaluation takes a societal perspective, considering costs and benefits to all parties. The benefits were expressed in units of quality-adjusted life years (QALY), so differences in life expectancy were captured with consideration of quality of life. Methods: A lifetime Markov model with Monte Carlo simulation of 100 000 patients was used to assess cost per QALY gained. The clinical inputs were sourced from a multi-centre, randomised controlled trial comparing remnant ablation success after rhTSH-preparation with hypothyroid preparation. The model applied German unit costs, however, the structure is generalisable to other jurisdictions. The additional cost of rhTSH procurement and administration is considered relative to the clinical benefits and cost offsets. These included avoidance of hypothyroidism, increased work productivity, earlier discharge from radioprotection and a theoretical reduction in the risk of secondary malignancy. The latter two benefits relate to faster radioiodine clearance after rhTSH preparation. Results: The additional benefits of rhTSH (0.0495 QALY) are obtained with an incremental societal cost of V47, equating to an incremental cost per QALY of V958. Sensitivity analyses had only a modest impact upon cost-effectiveness, with all one-way sensitivity results remaining under V15 000/QALY. Conclusions: The use of rhTSH prior to radioiodine ablation represents good value-for-money with the benefits to patient and society obtained at modest net cost. 155 405-414 
Introduction
Total or near total thyroidectomy followed by 131 I radioiodine ablation remains the primary treatment for differentiated thyroid cancer. The aim of radioiodine ablation is to destroy thyroid remnants, which is facilitated by the selective uptake of iodine into this tissue. To achieve optimal uptake of radioiodine into the remnant thyroid tissue, patients have traditionally undergone ablation therapy in the hypothyroid state (without thyroid hormone-replacement therapy), which elevates serum thyroid-stimulating hormone (TSH) and results in increased radioiodine uptake by remnants (1) . To achieve an adequate TSH level after surgery, patients forgo thyroid hormone replacement for 3-6 weeks prior to ablation. In Germany, this typically commences immediately after thyroidectomy (2) . However, in countries where access to radio-protective wards is more limited, patients may commence thyroid hormone therapy after thyroidectomy, only to withdraw at a later date in preparation for their ablation therapy.
However, without thyroid hormone therapy, patients are rendered hypothyroid, which may invoke a range of adverse clinical effects and can lead to significant morbidity. This may include severe lethargy and fatigue,while enabling patients to remain euthyroid (7) (8) (9) (10) . In addition, a multi-centre, randomised, controlled trial has directly compared the use of rhTSH preparation with the standard hypothyroid preparation, prior to remnant ablation with an activity of 3.7 GBq 131 I (11) . Applying a pre-defined criterion to measure the success of ablation (i.e. no visible thyroid bed activity, or if visible, then !0.1% 131 I uptake) 8 months after ablation, the results were the same irrespective of the preparation regime (100% ablation in both groups). A secondary criterion for successful ablation, a rhTSHstimulated serum thyroglobulin level of !2 ng/ml, 8 months after ablation was fulfilled by 96% euthyroid patients and 86% hypothyroid patients.
In contrast, the results from this pivotal trial did show a significant and sizeable impairment in quality of life in the hypothyroid group compared with well-preserved quality of life in the rhTSH group (11) . In the rhTSHstimulated group, the SF-36 score had increased from baseline in seven of eight domains by the time of ablation. However, in the hypothyroid group, the SF-36 scores had declined in seven of eight domains from the already compromised post-operative level. The change from baseline was significantly different between groups in five of the eight domains of the SF-36 instrument (P!0.05). Since baseline measurements were obtained after thyroidectomy, the findings imply that the hypothyroid patients felt worse 4 weeks later (prior to ablation) than immediately after surgery -a finding in keeping with clinical observation. The avoidance of symptoms of hypothyroidism and maintenance of quality of life with rhTSH preparation have already been reported in the diagnostic setting, with Schroeder et al. (12) reporting a significant difference in all eight domains of the SF-36 (P!0.0001).
Another benefit of rhTSH administration observed during the pivotal remnant ablation trial was that patients prepared with rhTSH were exposed to significantly less whole-body radiation than those rendered hypothyroid, due to a faster clearance of 131 I from the body (11) . This is likely to be caused by impairment of renal clearance during the hypothyroid state. Other investigators have also reported faster clearance of radioactivity with rhTSH when compared to hypothyroidism (13) (14) (15) . The radiation dose to the blood, a surrogate measure for radiation dose to the bone marrow, was 35% lower in the rhTSH group than in the hypothyroid group in the controlled clinical trial (P!0.0001). The long-term implications of this to the patient are not yet known, although there is the potential for a reduction in the risk of secondary malignancies. The faster clearance of radioiodine from the body may also allow a quicker discharge from the radio-protective ward in hospitals, where the time of discharge is primarily dictated by radiation emission (16, 17) . Other authors have noted a reduction of a day or two in the hospital stay as an advantage of using exogenous rhTSH in clinical practice (18) . In most jurisdictions, early discharge from the hospital also provides the opportunity to reduce the direct medical costs associated with the procedure.
Clinical benefits, still, typically come at a cost and it is necessary to consider incremental benefits in the context of the incremental cost to society in order to determine the value-for-money of the new technology at the purchase price. In a health-care system with various payers, it is important that an economic evaluation considers the net impact to all budget holders, relative to the net benefit to the patient and society. This discourages payers considering only the net financial impact to their own budget, without consideration of either the cost offsets to other payers, or the benefit to the patient and society.
The cost-effectiveness of rhTSH use in the diagnostic setting has previously been investigated (5, 19) , however, the present evaluation relates to the costeffectiveness of rhTSH when used in the preparation for post-thyroidectomy radioiodine ablation. The evaluation relates to patients with newly diagnosed differentiated papillary or follicular thyroid cancer without metastases, who are considered to be at low risk of recurrence, as this was the patient population in the clinical trial upon which it is based. The present economic evaluation takes a societal perspective, and the model is based upon typical treatment practice of thyroid cancer patients in Germany, applying German unit costs. Nevertheless, the structure of the model is largely applicable to many other international jurisdictions.
Methods

Model structure
An economic evaluation was undertaken to assess the incremental benefits gained from the use of rhTSH in the context of any incremental costs that may be incurred in the course of remnant ablation. Benefits were expressed in units of quality-adjusted life year (QALY), therefore, not only differences in life expectancy are captured, but consideration is also given to the quality of those years. To do so, a quality adjustment is applied using a 'utility weight' on a scale of 0 (death) to 1.0 (perfect health) using standard health economics methodology. By presenting benefits in such a standardised manner, the value-for-money of rhTSH can be easily compared against the value-for-money of any other health technology, which is presented in this way. The evaluation took a societal approach by attempting to capture all costs and benefits, rather than solely taking the perspective of a single payer.
A Markov model was used to simulate the costs and outcomes for a cohort of low-risk thyroid cancer patients. A Markov model is a well-accepted method of economic modelling that is useful for chronic diseases, which have repetitive events such as recurrences. Patients may move between mutually exclusive health states at various times throughout the duration of the model. Furthermore, such a structure allows the model to retain a 'memory', which effectively means that an individual patient's present or future health state may depend in part on how they have previously transitioned through the model. All relevant costs and outcomes are accrued for the duration of the model. Half-cycle correction is appropriately used to correct the approximation errors, which can occur in cohort analyses. A discount rate of 5% per annum is applied to costs and outcomes.
Monte Carlo simulation is used to simulate patients progressing through the various health states at the individual level. The model calculates the average costs and QALYs of 100 000 individual simulations, a suitably large sample size to appropriately account for first-order uncertainty, that is, the model accounts for the random variation in patient-level outcomes. Second-order uncertainty was not addressed, as the model did not sample any variables from distributions.
The model only relates to the treatment of low-risk thyroid cancer patients similar to those in the pivotal randomised controlled study of rhTSH in remnant ablation and, therefore, is not relevant to the treatment of patients with metastatic disease. It is recognised that a small proportion of patients might have a metastases detected at the time of the post-ablation scan (w1-2%). These patients are not included in the model. The patient cohort is weighted by gender according to a ratio of 3:1, females:males, an assumption invoked to capture the incidence of thyroid cancer in the general population. The structure of the Markov model is such that the cycle lengths of 1 week were applied, with all costs and outcomes adjusted accordingly. All simulated patients are assumed to enter the model at age 44, which is equal to the mean age in the pivotal study (11) . The patients cycle through the model until death, either from secondary malignancies or other causes.
Ten separate health states are modelled (Table 1 ). All patients begin the model after their initial thyroidectomy, while preparing for follow-up ablation. Euthyroid patients receive exogenous rhTSH (Thyrogen, Genzyme Corporation, Cambridge, MA, USA), while those assigned to the hypothyroid arm undergo a period of thyroid hormone withdrawal to raise serum TSH. However, patients in both arms utilise rhTSH prior to their subsequent diagnostic follow-up procedures as this is a common practice in Germany.
A schematic of the model is illustrated in Figure 1 .
Clinical inputs
Clinical inputs were primarily sourced from the pivotal multi-centre, randomised controlled trial (11) supplemented with additional information from the published literature. Where this was not available, or where data relating to clinical management in Germany was required, information was sourced from local clinicians using a structured questionnaire. Utility weights were used to adjust life years for the quality of those years, whereby a weight of 1.0 represents perfect health and 0 represents death. Utility weights for the pre-and post-ablation health states that differ between arms were obtained from the pivotal controlled clinical trial. The SF-36 trial data from Pacini et al. (11) were transformed into utility weights using the SF-6D method described by Brazier et al. (20) (Fig. 2) . Other utility weights, not different between arms, were sourced from the published literature, assumptions and convention. Table 2 lists the source of clinical inputs included in the model. The probability of developing secondary malignancies is thought to be dependent upon the cumulative exposure to radiation, including that arising from the treatment and the monitoring of thyroid cancer. Rubino et al. (21) pooled three large cohort studies to describe the relationship between cumulative 131 I exposure and the incidence of secondary malignancies. The authors reported a statistically significant linear relationship between cumulative 131 I exposure and the development of colorectal, salivary gland and bone and soft-tissue cancers for the entire cohort, who had a mean activity of 6.0 GBq radioiodine (range 0.2-55.5 GBq). For the purpose of this economic evaluation, the linear relationship was assumed to hold over a broad range of cumulative exposures, including that equivalent to a single radioiodine ablation, 3.7 GBq. Therefore, the risk reduction for patients who receive rhTSH was simply calculated based upon the assumption that the 35% reduction in mean radiation dose to the blood would equate to a 35% reduction in the risk of one of the above secondary cancers. As the exact relationship is unknown, this remains an assumption open to debate and, therefore, the model was run both with and without this feature.
The period from diagnosis of a secondary cancer to death was based upon pan-European data from the Eurocare-3 project published by Sant et al. (22) . For the purpose of the model, median survival duration was crudely estimated from data reported for 3-and 5-year survival rates by Sant et al. (22) , which indicated the time period at which 50% of the patients remained alive. Approximately 50% of patients remain alive at 3, 4 and 5 years for colorectal, bone/soft-tissue and salivary gland cancers respectively. Nevertheless, reasonable modifications in the survival duration of the secondary cancers had negligible impact upon model results.
The 'other' deaths are probabilistically assigned according to life-tables. These are weighted by gender and unadjusted for the elevated risk of cancer due to radiation exposure. The model terminates after 66 cycles and any surviving patients are no longer followed.
Cost inputs
Unit cost information was sourced for the German setting and takes a societal perspective, rather than that of the hospital or insurer in isolation. Table 3 lists the source of cost data.
The model captures the difference in hospital stay in the radio-protective ward. Various investigators have now reported faster clearance of 131 I from the body after radioiodine ablation when patients are prepared with rhTSH rather than withdrawal (11, (13) (14) (15) . Clinical opinion sought for the preparation of the economic Table 1 Description of health states.
Health state Description
Pre-ablation Patient has received successful thyroidectomy and is undergoing a 4-week waiting period prior to radioiodine ablation Ablation A 1-week period that accounts for the radioiodine ablation procedure and up to 1 week of associated hospitalisation Post-ablation An 8-week recovery period following ablation in which utility weights remain lower than complete recovery. Post-ablation is divided into two 4-week periods. The first period has a lower utility than the second. The second period represents a gradual recovery to the well health state Well This health state describes patients who have recovered from procedures and applies at all subsequent times other than periods of follow-up diagnostic scanning. Patients continue to receive thyroid hormone-replacement therapy Follow-up scanning Diagnostic radioiodine scanning to identify thyroid cancer relapse. This occurs 4 months and 1 year after ablation. Patients in both arms receive rhTSH prior to their scan and, therefore, remain euthyroid. In Germany, scans include 2 days compulsory hospitalisation Surgery for recurrence Follow-up surgery to remove relapse tumours. From this health state, patients return to the 'preablation' state and progress through the model from the start Diagnosed with salivary gland cancer
A 5-year period in which patients are subjected to lower quality of life. At the cessation of this, it is assumed that all patients die. This corresponds to the expected survival time from diagnosis Diagnosed with bone/soft-tissue cancer A 4-year period in which patients are subjected to lower quality of life. At the cessation of this, it is assumed that all patients die. This corresponds to the expected survival time from diagnosis Diagnosed with colorectal cancer A 3-year period in which patients are subjected to lower quality of life. At the cessation of this, it is assumed that all patients die. This corresponds to the expected survival time from diagnosis Death A terminating health state in which no costs or benefits are accrued for the remainder of the model Figure 1 Schematic diagram of the economic model. For simplicity, secondary cancer and non-cancer death are shown in schematic as one health state, but actually relate to two separate health states.
model estimated that the magnitude of the increased radioactivity clearance reported in these studies would equate to release from radio-protective conditions 1 day earlier (after 2 rather than 3 days). Berg et al. (18) have noted that the use of rhTSH in a Swedish hospital was typically allowing patients to leave the radio-protective ward 1-2 days earlier.
The model also captures the indirect cost of work productivity loss due to missed workdays. A number of investigators have recently reported the significant reduced work participation in the hypothyroid state compared to the euthyroid state (4-6,23). Luster et al. (5) report that German patients rendered hypothyroid for follow-up scans were absent from the work for an average of 11 days. In addition, in the pivotal remnant ablation study, 15.6% of the subjects in the hypothyroid arm reported markedly reduced daily productivity compared with 8.6% of subjects who received rhTSH (data on file, Genzyme Corporation). Therefore, the loss of work productivity in patients receiving rhTSH was crudely estimated to be 50% of that of the patients who withdrew from thyroid hormone, that is 50% of 11 days (i.e. 5.5 days). It should be noted that, although the Luster data was sourced from patients undergoing diagnostic 131 I scanning, they are assumed to hold in the pre-ablation use, as in both cases patients are rendered equally hypothyroid.
The economic model adopts the friction-cost method for calculating productivity losses (24) . This is a conservative method, assuming that a proportion of productivity losses due to workdays lost is absorbed by the remaining workforce. Specifically, this means that only 80% productivity is lost with absence of work. Despite this conservative approach, there remains a risk that the result may incorporate some degree of doublecounting of the productivity loss, since the SF-36 includes two dimensions related to the impacts upon professional life. Consequently, the QALY estimates used in the model may already capture some of the productivity loss. The degree to which this is so is unknown, though it is unlikely that the SF-36 dimensions would capture the true societal cost of reduced worker productivity. This is reflected in a sensitivity analysis setting the productivity loss to be equal in both arms of the model (Table 6 ). This is equivalent to disregarding the incremental difference in productivity between the two treatments. Table 4 represents the resultant costs associated with each health state in each arm of the model. The administration of rhTSH is captured within the 'ablation' health state and assumed to incur two additional general practitioner (GP) visits. In the hypothyroid arm, one GP visit is assumed for the management of hypothyroid symptoms during the preablation period although it is recognised that some patients may require no visits and others multiple visits.
Results
The results of the modelled economic evaluation indicate that the additional clinical benefits of using rhTSH in preparation for radioiodine ablation are obtained with minimal increment in societal cost (V47/patient). The results of the base case analyses are shown in Table 5 , representing the most likely estimate of cost-effectiveness. When the incremental cost is considered in the context of the incremental benefit in QALY terms (0.0495), the incremental costeffectiveness ratio (ICER) is V958/QALY. The utility gain is modest as it is an average over the entire duration of the model. Although a large benefit in the quality of life occurs before and after the radioiodine ablation for the patients receiving rhTSH, this represents a relatively short period of time in the context of a life-time model.
Sensitivity analyses designed to test the impact of uncertainty surrounding the model inputs had only a modest impact upon the ICER results in absolute terms ( Table 6 ). The analyses indicate that the differences in hospital stay and workdays were the major drivers of the model result. In all one-way sensitivity analyses, the ICER remained under V15 000. More extreme two-way sensitivity analysis showed the effect of assuming no difference in either secondary cancers or productivity loss generated a result of approximately V21 000/QALY.
The largest area of clinical uncertainty is the longerterm impact of the reduced radiation exposure witnessed in the pivotal trial upon the development of downstream secondary cancers. If this potential benefit of rhTSH is entirely removed from the model, the additional cost associated with the technology is only V155. For this additional cost, the incremental benefit in QALY terms is 0.0332, resulting in an ICER of V4674 that would be considered highly cost-effective by reimbursement agencies. Reduction in the risk of secondary cancers is not a major driver of the results because it causes only a small difference in the number of secondary cancers occurring in the model since they are rare events, and appear late. Therefore, costs and outcomes associated with secondary cancers are subject to heavy discounting in the model.
Discussion
The present economic evaluation indicates that the use of rhTSH as preparation for radioiodine remnant ablation represents good value-for-money from a societal perspective, with an ICER of V958/QALY. As new health care interventions are typically considered cost-effective if the ICER is below V45 000, the use of rhTSH represents a highly cost-effective technology (i.e. the additional benefits to the patient and society are procured for an acceptable net cost).
The net incremental cost is modest (V47/patient), particularly when considered in the context of the total cost of the initial surgical and radio-ablative treatment of thyroid cancer. The low incremental cost arises because the additional costs associated with purchasing and administering rhTSH are largely offset by: (a) the ability to discharge the patient from the radio-protective unit earlier and (b) more rapid return to work of the rhTSH patient. This incremental cost must be considered in the context of the benefit achievednamely the avoidance of severe hypothyroid symptoms and the ability of the patient to maintain normal daily activity in the period between thyroidectomy and ablation, and in the period after ablation. When expressed in utility terms averaged over the entire duration of the model, this QALY gain is modest (0.0495). Despite the large difference in quality of life observed between hypothyroid and rhTSH patients in the pivotal trial, the impact of this is minimised in the economic model due to the short duration of the preand post-ablation health states in the context of a lifetime model. In addition to the quality of life benefit for the patient per se, the available data indicate that this translates to less time off-work. As a contributor to the costeffectiveness of rhTSH, the impact of a period of hypothyroidism upon work productivity warrants further discussion. Data from the diagnostic follow-up setting are not complicated by the impact of surgery or ablation and, therefore, provide a somewhat clearer measure of the sick leave due to hypothyroid symptoms per se. The days off-work in the diagnostic setting reported in the literature are 11, 11 and 13.9 days respectively (4-6). However, only the study of LeClerc et al. (4) reported data for a group of patients undergoing rhTSH preparation (0.7 days, P!0.0001 when compared to 13.9 days for hypothyroid group). They also reported results for a sub-set of 60 patients who had had both methods of preparation (i.e. an intra-patient control). These paired data showed mean results of 14.6 days for hypothyroidism and 1.0 day for rhTSH (P!0.0001). There are less published data available to quantify the workdays lost due to hypothyroidism in the ablation setting (8.7 days, Rosario et al. (23) ) and the authors do not directly compare hypothyroid preparation with rhTSH preparation. The pivotal ablation trial did not specifically measure time off-work, but did measure changes in 'normal activities'. Analyses showed that 15.6% of the patients in the hypothyroid arm experienced a marked reduction in the ability to perform their normal activities, compared to 8.6% in the rhTSH arm. In the present model, this differential was applied to the hypothyroid days off-work found by Luster et al. (5) (11 days) to crudely estimate the number of days off-work with rhTSH in the ablation setting (i.e. 5.5 days). Based on the paired data of LeClere et al. (4) (14.6 vs 1.0 day), this may be an overly conservative estimate. Indeed, some patients may not return to work at all between surgery and radioiodine ablation, which would equate to considerably higher The reported cost for colorectal cancer was US$59 500 b and converted to Euros. All secondary cancers were assumed to incur this cost.
Brown et al. (34) a Anaesthetic is included in the thyroidectomy DRG; b This cost is the discounted lifetime cost, with a discount rate of 3% per annum applied; Since the model uses a 5% discount rate, this cost is conservative. time off-work for patients undergoing hypothyroid preparation.
The model not only captured acute benefits associated with avoidance of hypothyroid symptoms and faster release from radio-protective conditions, but also attempted to capture the possible reduction in secondary malignancies due to the reduced radiation exposure with rhTSH. However, it is important to recognise that there are only retrospective data from somewhat higher cumulative doses with which to determine the magnitude of this risk reduction and, therefore, the model relied upon several assumptions in this regard. Rubino et al. (21) reported a statistically significant linear relationship between cumulative 131 I exposure and the development of colorectal, salivary gland and bone and soft-tissue cancers (entire cohort, mean activity received 6.0 GBq radioiodine, range 0.2-55.5 GBq). However, when considering just the sub-groups of patients who had received lower cumulative activities of 0.2-3.6 and 3.7-7.3 GBq radioiodine, the relative risk of colorectal cancer was not increased. The relative risk of soft-tissue or bone cancer was increased approximately threefold, but the low absolute number of patients led to a broad confidence interval. For this reason, it is important to consider the cost-effectiveness result without applying a difference in secondary malignancy rate. The results of this sensitivity analysis indicated an increase in the ICER to V4674. As diagnoses of secondary cancers typically occurred in the latter stages of the model, it is likely that discounting minimised the expected impact of secondary cancer risk reduction upon cost-effectiveness. Furthermore, the absolute risk of being diagnosed with a secondary cancer is extremely low. In short, even excluding any potential economic advantage associated with fewer secondary malignancies, the resultant ratio would be considered cost-effective in the opinion of most reimbursement agencies.
In contrast, the model was not able to quantify and cost the more salient clinical differences between hypothyroid and rhTSH preparation for ablation. Finally, the use of rhTSH also provides the patient and the clinician with more flexibility with regard to scheduling radioiodine ablation, as theoretically, this can occur soon after thyroidectomy and be arranged at reasonably short notice. However, as this is unlikely to cause an impact upon cost-effectiveness per se, this has not been captured in the present economic evaluation.
The current model relates to the ablation setting and, therefore, differs from the previous models examining the use of rhTSH in the diagnostic setting. As the amount of radioiodine delivered to the patient in the ablation setting (3.7 GBq) is approximately 25-fold higher than that given in a common diagnostic setting (e.g. 150 MBq), the faster radioiodine clearance with rhTSH is of greater importance in the ablation setting.
However, the two settings are somewhat similar, in that patients prepared with rhTSH avoid the quality of life impairment and disutility associated with hypothyroidism to a similar extent, irrespective of whether the setting is diagnostic testing or remnant ablation (27) . 
